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1
FUEL CELL MODULE

TECHNICAL FIELD

The present invention relates to a fuel cell module includ-
ing a fuel cell stack formed by stacking a plurality of fuel cells
for generating electricity by electrochemical reactions of a
fuel gas and an oxygen-containing gas.

BACKGROUND ART

Typically, a solid oxide fuel cell (SOFC) employs a solid
electrolyte of ion-conductive solid oxide such as stabilized
zirconia. The solid electrolyte is interposed between an anode
and a cathode to form an electrolyte electrode assembly
(hereinafter also referred to as MEA). The electrolyte elec-
trode assembly is sandwiched between separators (bipolar
plates). In use, generally, predetermined numbers of the elec-
trolyte electrode assemblies and the separators are stacked
together to form a fuel cell stack.

As a system including this type of fuel cell stack, for
example, a fuel cell battery disclosed in Japanese Laid-Open
Patent Publication No. 2001-236980 (hereinafter referred to
as the conventional technique 1) is known. As shown in FIG.
18, the fuel cell battery includes a fuel cell stack 1a, and a heat
insulating sleeve 2a is provided at one end of the fuel cell
stack 1a. A reaction device 4a is provided in the heat insulat-
ing sleeve 2a. The reaction device 4a includes a heat
exchanger 3a.

In the reaction device 4a, as a treatment of liquid fuel,
partial oxidation reforming which does not use water is per-
formed. After the liquid fuel is evaporated by an exhaust gas,
the liquid fuel passes through a feeding point Sa which is part
of the heat exchanger 3a. The fuel contacts an oxygen carrier
gas heated by the exhaust gas thereby to induce partial oxi-
dation reforming, and then, the fuel is supplied to the fuel cell
stack 1a.

Further, as shown in FIG. 19, a solid oxide fuel cell dis-
closed in Japanese Laid-Open Patent Publication No. 2010-
504607 (PCT) (hereinafter referred to as the conventional
technique 2) has a heat exchanger 25 including a cell core 15.
The heat exchanger 256 heats the cathode air utilizing waste
heat.

Further, as shown in FIG. 20, a fuel cell system disclosed in
Japanese Laid-Open Patent Publication No. 2004-288434
(hereinafter referred to as the conventional technique 3)
includes a first area 1c¢ having a circular cylindrical shape
extending vertically, and an annular second area 2¢ around the
first area 1¢, an annular third area 3¢ around the second area
2¢, and an annular fourth area 4¢ around the third area 3c.

A burner 5c¢ is provided in the first area 1¢, and a reforming
pipe 6c¢ is provided in the second area 2¢. A water evaporator
7¢ is provided in the third area 3¢, and a CO shift converter 8¢
is provided in the fourth area 4c.

SUMMARY OF INVENTION

In the conventional technique 1, at the time of reforming by
partial oxidation in the reaction device 4a, heat of the exhaust
gas is used for heating the liquid fuel and the oxygen carrier
gas. Therefore, the quantity ofheat for raising the temperature
of'the oxygen-containing gas supplied to the fuel cell stack 1a
tends to be insufficient, and the efficiency is low. Further,
since the heat exchanger 3a only heats the outer wall by the
exhaust gas, a desired quantity of heat cannot be obtained.
Further, non-uniform flow tends to be produced easily in the
exhaust gas.
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Further, in the conventional technique 2, in order to
increase heat efficiency, long flow channels are adopted to
have a sufficient heat transmission area. Therefore, consider-
ably high pressure losses tend to occur. Moreover, since the
heat exchanger 26 only heats the outer wall by the exhaust
gas, a desired quantity of heat cannot be obtained. Further,
non-uniform flow tends to be produced easily in the exhaust
gas.

Further, in the conventional technique 3, radiation of the
heat from the central area having the highest temperature is
suppressed using heat insulation material (partition wall).
Therefore, heat cannot be recovered, and the efficiency is low.
Further, since the combustion gas flows along the partition
wall, the effective quantity of heat cannot be obtained.

The present invention has been made to solve the problems
of this type, and an object of the present invention is to
provide a fuel cell module having simple and compact struc-
ture in which it is possible to achieve improvement in the heat
efficiency and facilitation of thermally self-sustaining opera-
tion, and also it is possible to reliably suppress non-uniform
flow of a combustion gas, whereby improvement in the heat
exchange efficiency can be achieved suitably.

The present invention relates to a fuel cell module includ-
ing a fuel cell stack formed by stacking a plurality of fuel cells
for generating electricity by electrochemical reactions of a
fuel gas and an oxygen-containing gas, a reformer for reform-
ing a mixed gas of water vapor and a raw fuel chiefly con-
taining hydrocarbon to produce the fuel gas supplied to the
fuel cell stack, an evaporator for evaporating water, and sup-
plying the water vapor to the reformer, a heat exchanger for
raising the temperature of the oxygen-containing gas by heat
exchange with a combustion gas, and supplying the oxygen-
containing gas to the fuel cell stack, an exhaust gas combustor
for combusting the fuel gas discharged from the fuel cell stack
as a fuel exhaust gas and the oxygen-containing gas dis-
charged from the fuel cell stack as an oxygen-containing
exhaust gas to produce the combustion gas, and a start-up
combustor for combusting the raw fuel and the oxygen-con-
taining gas to produce the combustion gas.

The fuel cell module includes a first area where the exhaust
gas combustor and the start-up combustor are provided, an
annular second area around the first area and where the
reformer and the evaporator are provided, and an annular
third area around the second area and where the heat
exchanger is provided.

In the fuel cell module, the heat exchanger includes an
annular oxygen-containing gas supply chamber to which the
oxygen-containing gas is supplied, an annular oxygen-con-
taining gas discharge chamber to which the heated oxygen-
containing gas is discharged, a plurality of heat exchange
pipes each having one end connected to the oxygen-contain-
ing gas supply chamber and another end connected to the
oxygen-containing gas discharge chamber, and a combustion
gas channel for supplying the combustion gas to spaces
between the heat exchange pipes. A circumscribed non-uni-
form flow suppression plate is provided along the minimum
circumscribed circle which is tangent to outer surfaces of the
plurality of heat exchange pipes.

Inthe present invention, the first area including the exhaust
gas combustor and the start-up combustor is centrally-lo-
cated. The annular second area is successively provided
around the first area, and the annular third area is then pro-
vided around the second area. The reformer and the evapora-
tor are provided in the second area, and the heat exchanger is
provided in the third area.

In the structure, heat waste and heat radiation are sup-
pressed suitably. Thus, improvement in the heat efficiency is
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achieved, and thermally self-sustaining operation is facili-
tated. Further, simple and compact structure is achieved in the
entire fuel cell module. The thermally self-sustaining opera-
tion herein means operation where the operating temperature
of'the fuel cell is maintained using only heat energy generated
by the fuel cell itself, without supplying additional heat from
the outside.

Further, in the heat exchanger, the annular oxygen-contain-
ing gas supply chamber, the annular oxygen-containing gas
discharge chamber, and the heat exchange pipes are provided
as basic structure. Thus, simple structure is achieved easily.
Accordingly, the production cost is reduced effectively. Fur-
ther, by changing the volumes of the oxygen-containing gas
supply chamber and the oxygen-containing gas discharge
chamber, the length, the diameter, and the number of the
pipes, a desired operation can be achieved depending on
various operating conditions, and a wider variety of designs
become available.

Still further, the circumscribed non-uniform flow suppres-
sion plate is provided along the minimum circumscribed
circle which is tangent to outer surfaces of the plurality ofheat
exchange pipes. Thus, by the guidance of the circumscribed
non-uniform flow suppression plate, the combustion gas
flows along the outer surfaces of the heat exchange pipes
suitably. Thus, non-uniform flow and blow-through of the
combustion gas are suppressed suitably, and the channel of
the combustion gas can be sufficiently long. Accordingly, the
quantity of the heat passed from the combustion gas to the
oxygen-containing gas is increased, and improvement in the
heat exchange efficiency is achieved suitably.

The above and other objects features and advantages of the
present invention will become more apparent from the fol-
lowing description when taken in conjunction with the
accompanying drawings in which preferred embodiments of
the present invention are shown by way of illustrative
example.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram schematically showing structure of a
fuel cell system including a fuel cell module according to a
first embodiment of the present invention;

FIG. 2 is a perspective view showing FC peripheral equip-
ment of the fuel cell module;

FIG. 3 is a cross sectional view showing the FC peripheral
equipment;

FIG. 4 is a perspective view with partial omission showing
the FC peripheral equipment;

FIG. 5 is an exploded perspective view showing main
components of the FC peripheral equipment;

FIG. 6 is a cross sectional plan view showing the FC
peripheral equipment;

FIG. 7 is a view showing an evaporation return pipe of the
FC peripheral equipment;

FIG. 8 is a perspective view with partial omission showing
a fuel cell module according to a second embodiment of the
present invention;

FIG. 9 is a cross sectional view showing the fuel cell
module;

FIG. 10 is a cross sectional plan view showing the fuel cell
module;

FIG.11isacross sectional view showing a fuel cell module
according to a third embodiment of the present invention;

FIG. 12 is a perspective view with partial omission show-
ing the fuel cell module;

FIG. 13 is a cross sectional plan view showing the fuel cell
module;
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FIG. 14 is a perspective view with partial omission show-
ing a fuel cell module according to a fourth embodiment of
the present invention;

FIG. 15 is a cross sectional plan view showing the fuel cell
module;

FIG. 16 is a cross sectional plan view showing a fuel cell
module according to a fifth embodiment of the present inven-
tion;

FIG. 17 is a perspective view showing main components of
a heat exchanger of the fuel cell module;

FIG. 18 is a view schematically showing a fuel cell battery
disclosed in a conventional technique 1;

FIG. 19 is a perspective view with partial cutout showing a
solid oxide fuel cell disclosed in a conventional technique 2;
and

FIG. 20 is a view schematically showing a fuel cell system
disclosed in a conventional technique 3.

DESCRIPTION OF EMBODIMENTS

As shown in FIG. 1, a fuel cell system 10 includes a fuel
cell module 12 according to a first embodiment of the present
invention, and the fuel cell system 10 is used in various
applications, including stationary and mobile applications.
For example, the fuel cell system 10 is mounted on a vehicle.

The fuel cell system 10 includes the fuel cell module
(SOFC module) 12 for generating electrical energy in power
generation by electrochemical reactions of a fuel gas (a gas
produced by mixing a hydrogen gas, methane, and carbon
monoxide) and an oxygen-containing gas (air), a raw fuel
supply apparatus (including a fuel gas pump) 14 for supply-
ing a raw fuel (e.g., city gas) to the fuel cell module 12, an
oxygen-containing gas supply apparatus (including an air
pump) 16 for supplying the oxygen-containing gas to the fuel
cell module 12, a water supply apparatus (including a water
pump) 18 for supplying water to the fuel cell module 12, and
a control device 20 for controlling the amount of electrical
energy generated in the fuel cell module 12.

The fuel cell module 12 includes a solid oxide fuel cell
stack 24 formed by stacking a plurality of solid oxide fuel
cells 22 in a vertical direction (or horizontal direction). The
fuel cell 22 includes an electrolyte electrode assembly (MEA)
32. The electrolyte electrode assembly 32 includes a cathode
28, an anode 30, and an electrolyte 26 interposed between the
cathode 28 and the anode 30. For example, the electrolyte 26
is made of ion-conductive solid oxide such as stabilized zir-
conia.

A cathode side separator 34 and an anode side separator 36
are provided on both sides of the electrolyte electrode assem-
bly 32. An oxygen-containing gas flow field 38 for supplying
the oxygen-containing gas to the cathode 28 is formed in the
cathode side separator 34, and a fuel gas flow field 40 for
supplying the fuel gas to the anode 30 is formed in the anode
side separator 36. As the fuel cell 22, various types of con-
ventional SOFCs can be adopted.

The operating temperature of the fuel cell 22 is high, that is,
several hundred ° C. Methane in the fuel gas is reformed at the
anode 30 to obtain hydrogen and CO, and the hydrogen and
CO are supplied to a portion of the electrolyte 26 adjacent to
the anode 30.

An oxygen-containing gas supply passage 42a, an oxygen-
containing gas discharge passage 425, a fuel gas supply pas-
sage 44a, and a fuel gas discharge passage 445 extend through
the fuel cell stack 24. The oxygen-containing gas supply
passage 42a is connected to an inlet of each oxygen-contain-
ing gas flow field 38, the oxygen-containing gas discharge
passage 426 is connected to an outlet of each oxygen-con-
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taining gas flow field 38, the fuel gas supply passage 44a is
connected to an inlet of each fuel gas flow field 40, and the
fuel gas discharge passage 445 is connected to an outlet of
each fuel gas flow field 40.

The fuel cell module 12 includes a reformer 46 for reform-
ing a mixed gas of water vapor and a raw fuel chiefly con-
taining hydrocarbon (e.g., city gas) to produce a fuel gas
supplied to the fuel cell stack 24, an evaporator 48 for evapo-
rating water and supplying the water vapor to the reformer 46,
a heat exchanger 50 for raising the temperature of the oxygen-
containing gas by heat exchange with a combustion gas, and
supplying the oxygen-containing gas to the fuel cell stack 24,
an exhaust gas combustor 52 for combusting the fuel gas
discharged from the fuel cell stack 24 as a fuel exhaust gas and
the oxygen-containing gas discharged from the fuel cell stack
24 as an oxygen-containing exhaust gas to produce the com-
bustion gas, and a start-up combustor 54 for combusting the
raw fuel and the oxygen-containing gas to produce the com-
bustion gas.

Basically, the fuel cell module 12 is made up of the fuel cell
stack 24 and FC (fuel cell) peripheral equipment (BOP) 56
(see FIGS. 1and 2). The FC peripheral equipment 56 includes
the reformer 46, the evaporator 48, the heat exchanger 50, the
exhaust gas combustor 52, and the start-up combustor 54.

As shown in FIGS. 3 to 5, the FC peripheral equipment 56
includes a first area R1 where the exhaust gas combustor 52
and the start-up combustor 54 are provided, an annular second
area R2 formed around the first area R1 and where the
reformer 46 and the evaporator 48 are provided, an annular
third area R3 formed around the second area R2 and where the
heat exchanger 50 is provided. A cylindrical outer member 55
constituting an outer wall is provided on the outer peripheral
side of the third area R3.

The start-up combustor 54 includes an air supply pipe 57
and a raw fuel supply pipe 58. The start-up combustor 54 has
an ejector function, and generates negative pressure in the raw
fuel supply pipe 58 by the flow of the air supplied from the air
supply pipe 57 for sucking the raw fuel.

The exhaust gas combustor 52 is spaced away from the
start-up combustor 54, and includes a combustion cup 60
formed in a shape of a cylinder having a bottom. A plurality of
holes (e.g., circular holes or rectangular holes) 60a are
formed along the outer circumference of the marginal end of
the combustion cup 60 on the bottom side. A stack attachment
plate 62 is engaged with the other end of the combustion cup
60 on the opening side. The fuel cell stack 24 is attached to the
stack attachment plate 62.

One end of an oxygen-containing exhaust gas channel 63«
and one end of a fuel exhaust gas channel 635 are provided at
the combustion cup 60. The combustion gas is produced
inside the combustion cup 60 by combustion reaction of the
fuel gas (more specifically, fuel exhaust gas) and the oxygen-
containing gas (more specifically, oxygen-containing exhaust
gas).

As shown in FIG. 1, the other end of the oxygen-containing
exhaust gas channel 63a is connected to the oxygen-contain-
ing gas discharge passage 425 of the fuel cell stack 24, and the
other end of the fuel exhaust gas channel 635 is connected to
the fuel gas discharge passage 445 of the fuel cell stack 24.

As shown in FIGS. 3 to 5, the reformer 46 is a preliminary
reformer for reforming higher hydrocarbon (C,,) such as
ethane (C,Hy), propane (C,Hy), and butane (C,H,,) in the
city gas (raw fuel) to produce the fuel gas chiefly containing
methane (CH,), hydrogen, and CO by steam reforming. The
operating temperature of the reformer 46 is set at several
hundred ° C.
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The reformer 46 includes a plurality of reforming pipes
(heat transmission pipes) 66 provided around the exhaust gas
combustor 52 and the start-up combustor 54. Each of the
reforming pipes 66 is filled with reforming catalyst pellets
(not shown). Each of the reforming pipes 66 has one end
(lower end) fixed to a first lower ring member 68a, and the
other end (upper end) fixed to a first upper ring member 685.

The outer circumferential portions of the first lower ring
member 68a and the first upper ring member 685 are fixed to
the inner circumferential portion of a cylindrical member 70
by welding or the like. The inner circumferential portions of
the first lower ring member 68a and the first upper ring
member 685 are fixed to the outer circumferential portions of
the exhaust gas combustor 52 and the start-up combustor 54
by welding or the like. The cylindrical member 70 extends in
an axial direction indicated by an arrow L, and an end of the
cylindrical member 70 adjacent to the fuel cell stack 24 is
fixed to the stack attachment plate 62. A plurality of openings
72 are formed in the outer circumference of the cylindrical
member 70 in a circumferential direction at predetermined
height positions.

The evaporator 48 has evaporation pipes (heat transmission
pipes) 74 provided adjacent to, and outside the reforming
pipes 66 ofthe reformer 46. As shown in FIG. 6, the reforming
pipes 66 are arranged at equal intervals on a virtual circle,
concentrically around the first area R1. The evaporation pipes
74 are arranged at equal intervals on a virtual circle, concen-
trically around the first area R1. The number of the evapora-
tion pipes 74 is half of the number of the reforming pipes 66.
The evaporation pipes 74 are positioned on the back side of
every other position of the reforming pipe 66 (i.e., at positions
spaced away from the center of the first area R1).

As shown in FIGS. 3 and 4, each of the evaporation pipes
74 has one end (lower end) which is fixed to a second lower
ring member 76a by welding or the like, and the other end
(upper end) which is fixed to a second upper ring member 765
by welding or the like. The outer circumferential portions of
the second lower ring member 76a and the second upper ring
member 765 are fixed to the inner circumferential portion of
the cylindrical member 70 by welding or the like. The inner
circumferential portions of the second lower ring member
76a and the second upper ring member 765 are fixed to the
outer circumferential portions of the exhaust gas combustor
52 and the start-up combustor 54 by welding or the like.

The second lower ring member 76a is positioned below the
first lower ring member 68a (i.e., outside the first lower ring
member 68a in the axial direction), and the second upper ring
member 765 is positioned above the first upper ring member
68b (i.e., outside the first upper ring member 6854 in the axial
direction).

An annular mixed gas supply chamber 78a is formed
between the first lower ring member 68« and the second lower
ring member 764, and a mixed gas of raw fuel and water vapor
is supplied to the mixed gas supply chamber 78a. Further, an
annular fuel gas discharge chamber 786 is formed between
the first upper ring member 685 and the second upper ring
member 76b, and the produced fuel gas (reformed gas) is
discharged to the fuel gas discharge chamber 785. Both ends
of'each of the reforming pipes 66 are opened to the mixed gas
supply chamber 784 and the fuel gas discharge chamber 784.

A ring shaped end ring member 80 is fixed to an end of the
cylindrical member 70 on the start-up combustor 54 side by
welding or the like. An annular water supply chamber 824 is
formed between the end ring member 80 and the second lower
ring member 76a, and water is supplied to the water supply
chamber 82a. An annular water vapor discharge chamber 825
is formed between the second upper ring member 765 and the



US 9,406,950 B2

7

stack attachment plate 62, and water vapor is discharged to
the water vapor discharge chamber 825. Both ends of each of
the evaporation pipes 74 are opened to the water supply
chamber 824 and the water vapor discharge chamber 8264.

The fuel gas discharge chamber 785 and the water vapor
discharge chamber 824 are provided in a double deck manner,
and the fuel gas discharge chamber 785 is provided on the
inner side with respect to the water vapor discharge chamber
8256 (i.e., below the water vapor discharge chamber 825). The
mixed gas supply chamber 78a and the water supply chamber
824 are provided in a double deck manner, and the mixed gas
supply chamber 78a is provided on the inner side with respect
to the water supply chamber 82a (i.e., above the water supply
chamber 824).

A raw fuel supply channel 84 is opened to the mixed gas
supply chamber 784, and an evaporation return pipe 90
described later is connected to a position in the middle of the
raw fuel supply channel 84 (see FIG. 1). The raw fuel supply
channel 84 has an ejector function, and generates negative
pressure by the flow of the raw fuel for sucking the water
vapor.

The raw fuel supply channel 84 is fixed to the second lower
ring member 764 and the end ring member 80 by welding or
the like. One end of a fuel gas channel 86 is connected to the
fuel gas discharge chamber 785, and the other end of the fuel
gas channel 86 is connected to the fuel gas supply passage 44a
of'the fuel cell stack 24 (see FIG. 1). The fuel gas channel 86
is fixed to the second upper ring member 765 by welding or
the like, and extends through the stack attachment plate 62
(see FIG. 2).

A water channel 88 is connected to the water supply cham-
ber 82a. The water channel 88 is fixed to the end ring member
80 by welding or the like. One end of the evaporation return
pipe 90 formed by at least one evaporation pipe 74 is provided
in the water vapor discharge chamber 824, and the other end
of the evaporation return pipe 90 is connected to a position in
the middle of the raw fuel supply channel 84 (see FIG. 1).

As shown in FIG. 7, the evaporation return pipe 90 has dual
pipe structure 92 in a portion thereof passing through the
mixed gas supply chamber 78a and the water supply chamber
82a. The dual pipe structure 92 includes an outer pipe 94. The
outer pipe 94 surrounds the evaporation return pipe 90, and
the outer pipe 94 is positioned coaxially with the evaporation
return pipe 90. The outer pipe 94 is fixed to the first lower ring
member 684, the second lower ring member 764, and the end
ring member 80 by welding or the like, and extends in the
direction indicated by an arrow L. A gap is provided between
the outer circumference of the evaporation return pipe 90 and
the inner circumference of the outer pipe 94. This gap may not
be provided.

The evaporation return pipe 90 may have dual pipe struc-
ture 92a in a portion thereof passing through the fuel gas
discharge chamber 785. The dual pipe structure 92a includes
an outer pipe 94a. The outer pipe 94a surrounds the evapo-
ration return pipe 90, and the outer pipe 94a is positioned
coaxially with the evaporation return pipe 90. The outer pipe
944 is fixed to the first upper ring member 685 and the second
upper ring member 765 by welding or the like, and extends in
the direction indicated by the arrow L. A gap is formed
between the outer circumference of the evaporation return
pipe 90 and the inner circumference of the outer pipe 94a as
necessary. The lower end of the outer pipe 94« is not welded
to the first upper ring member 684.

As shown in FIGS. 3 and 4, the heat exchanger 50 includes
a plurality of heat exchange pipes (heat transmission pipes)
96 which are provided along and around the outer circumfer-
ence of the cylindrical member 70. As shown in FIG. 6, a
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plurality of the heat exchange pipes 96 are arranged on each
of two virtual circles positioned concentrically around the
center of the first area R1. Each of the heat exchange pipes 96
has one end (lower end) fixed to a lower ring member 98a, and
the other end (upper end) fixed to an upper ring member 985.

Alower end ring member 100q is provided below the lower
ring member 984, and an upper end ring member 1005 is
provided above the upper ring member 985. The lower end
ring member 100q and the upper end ring member 1005 are
fixed to the outer circumference of the cylindrical member 70
and the inner circumference of the outer member 55 by weld-
ing or the like.

An annular oxygen-containing gas supply chamber 1024 to
which the oxygen-containing gas is supplied is formed
between the lower ring member 984 and the lower end ring
member 100a. An annular oxygen-containing gas discharge
chamber 1025 is formed between the upper ring member 985
and the upper end ring member 1005. The heated oxygen-
containing gas is discharged to the oxygen-containing gas
discharge chamber 1025. Both ends of each of the heat
exchange pipes 96 are fixed to the lower ring member 984 and
the upper ring member 985 by welding or the like, and opened
to the oxygen-containing gas supply chamber 102a and the
oxygen-containing gas discharge chamber 1025.

The mixed gas supply chamber 78a and the water supply
chamber 82a are placed on the radially inward side relative to
the inner circumference of the oxygen-containing gas supply
chamber 102a. The oxygen-containing gas discharge cham-
ber 1025 is provided outside the fuel gas discharge chamber
78b at a position offset downward from the fuel gas discharge
chamber 785.

A cylindrical cover member 104 is provided on the outer
circumferential portion of the outer member 55. The center
position of the cylindrical cover member 104 is shifted down-
ward. Both of upper and lower ends (both of axial ends) of the
cover member 104 are fixed to the outer member 55 by weld-
ing or the like, and a heat recovery area (chamber) 106 is
formed between the cover member 104 and the outer circum-
ferential portion of the outer member 55.

A plurality of holes 108 are formed circumferentially in a
lower marginal end portion of the outer member 55 of the
oxygen-containing gas supply chamber 102q, and the oxy-
gen-containing gas supply chamber 102a communicates with
the heat recovery area 106 through the holes 108. An oxygen-
containing gas supply pipe 110 communicating with the heat
recovery area 106 is connected to the cover member 104. An
exhaust gas pipe 112 communicating with the third area R3 is
connected to an upper portion of the outer member 55.

For example, one end of each of two oxygen-containing
gas pipes 114 is provided in the oxygen-containing gas dis-
charge chamber 10254. Each of the oxygen-containing gas
pipes 114 has a stretchable member such as a bellows 114a
between the upper end ring member 1005 and the stack
attachment plate 62. The other end of each of the oxygen-
containing gas pipes 114 extends through the stack attach-
ment plate 62, and is connected to the oxygen-containing gas
supply passage 42a of the fuel cell stack 24 (see FIG. 1).

In the first embodiment, as shown in FIGS. 3 to 6, a cir-
cumscribed non-uniform flow suppression plate 115 is pro-
vided in the third area R3 where the heat exchanger 50 is
provided. The circumscribed non-uniform flow suppression
plate 115 has a cylindrical shape. As shown in FIG. 6, the
circumscribed non-uniform flow suppression plate 115 is
provided along the minimum circumscribed circle which is
tangent to the outer surfaces of the plurality of heat exchange
pipes 96 arranged along the outer virtual circle. For example,
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the circumscribed non-uniform flow suppression plate 115 is
fixed to the heat exchange pipes 96 by welding or the like.

As shown in FIGS. 3 and 7, the circumscribed non-uniform
flow suppression plate 115 is made of a thin metal plate, and
positioned on a side closer to the exhaust gas combustor 52 in
the pipe length direction, indicated by an arrow L, of the heat
exchange pipes 96. Specifically, the upper end of the circum-
scribed non-uniform flow suppression plate 115 is fixed to the
upper ring member 985, and the lower end of the circum-
scribed non-uniform flow suppression plate 115 is spaced
upward from the lower ring member 98a by a predetermined
distance h. The circumscribed non-uniform flow suppression
plate 115 may be provided as closely as possible to the heat
exchange pipes 96.

As shown in FIG. 3, a first combustion gas channel 116a as
apassage of the combustion gas is formed in the first area R1,
and a second combustion gas channel 1165 as a passage of the
combustion gas that has passed through the holes 60a is
formed in the second area R2. A third combustion gas channel
116¢ as a passage of the combustion gas that has passed
through the openings 72 is formed in the third area R3. Fur-
ther, a fourth combustion gas channel 1164 is formed as a
passage of the combustion gas after the exhaust gas pipe 112.

The second combustion gas channel 1165 forms the
reformer 46 and the evaporator 48, and the third combustion
gas channel 116c¢ forms the heat exchanger 50. The third
combustion gas channel 116¢ has a bent shape, in which gas
first flows downward in a direction indicated by an arrow L.d
by the circumscribed non-uniform flow suppression plate
115, next flows between the lower end of the circumscribed
non-uniform flow suppression plate 115 and the lower ring
member 98a, and then turns up and flows upward in a direc-
tion indicated by an arrow Lu.

As shown in FIG. 1, the raw fuel supply apparatus 14
includes a raw fuel channel 118. The raw fuel channel 118 is
branched into the raw fuel supply channel 84 and the raw fuel
supply pipe 58 through a raw fuel regulator valve 120. A
desulfurizer 122 for removing sulfur compounds in the city
gas (raw fuel) is provided in the raw fuel supply channel 84.

The oxygen-containing gas supply apparatus 16 includes
an oxygen-containing gas channel 124. The oxygen-contain-
ing gas channel 124 is branched into the oxygen-containing
gas supply pipe 110 and the air supply pipe 57 through an
oxygen-containing gas regulator valve 126. The water supply
apparatus 18 is connected to the evaporator 48 through the
water channel 88.

Operation of the fuel cell system 10 will be described
below.

At the time of starting operation of the fuel cell system 10,
the air (oxygen-containing gas) and the raw fuel are supplied
to the start-up combustor 54. More specifically, by operation
of the air pump, the air is supplied to the oxygen-containing
gas channel 124. By adjusting the opening degree of the
oxygen-containing gas regulator valve 126, the air is supplied
to the air supply pipe 57.

In the meanwhile, in the raw fuel supply apparatus 14, by
operation of the fuel gas pump, for example, raw fuel such as
the city gas (containing CH,, C,Hg, C;Hg, C,H, ) is supplied
to the raw fuel channel 118. By regulating the opening degree
of the raw fuel regulator valve 120, the raw fuel is supplied
into the raw fuel supply pipe 58. The raw fuel is mixed with
the air, and supplied into the start-up combustor 54 (see FIGS.
3 and 4).

Thus, the mixed gas of the raw fuel and the air is supplied
into the start-up combustor 54, and the mixed gas is ignited to
start combustion. Therefore, the combustion gas produced in
combustion flows from the firstarea R1 to the second area R2.
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Further, the combustion gas is supplied to the third area R3,
and then, the combustion gas is discharged to the outside of
the fuel cell module 12 through the exhaust gas pipe 112.

As shown in FIGS. 3 and 4, the reformer 46 and the evapo-
rator 48 are provided in the second area R2, and the heat
exchanger 50 is provided in the third area R3. Thus, the
combustion gas discharged from the first area R1 first heats
the reformer 46, next heats the evaporator 48, and then heats
the heat exchanger 50.

Then, after the temperature of the fuel cell module 12 is
raised to a predetermined temperature, the air (oxygen-con-
taining gas) is supplied to the heat exchanger 50, and the
mixed gas of the raw fuel and the water vapor is supplied to
the reformer 46.

More specifically, as shown in FIG. 1, the opening degree
of'the oxygen-containing gas regulator valve 126 is adjusted
such that the flow rate of the air supplied to the oxygen-
containing gas supply pipe 110 is increased, and the opening
degree of the raw fuel regulator valve 120 is adjusted such that
the flow rate of the raw fuel supplied to the raw fuel supply
channel 84 is increased. Further, by operation of the water
supply apparatus 18, the water is supplied to the water chan-
nel 88. The air is supplied from the oxygen-containing gas
supply pipe 110 to the heat recovery area 106 of the outer
member 55. Thus, the air flows through the holes 108 into the
oxygen-containing gas supply chamber 1024.

Therefore, as shown in FIGS. 3 and 4, the air flows into the
heat exchanger 50, and after the air is temporarily supplied to
the oxygen-containing gas supply chamber 102a, while the
air is moving inside the heat exchange pipes 96, the air is
heated by heat exchange with the combustion gas supplied
into the third area R3. After the heated air is temporarily
supplied to the oxygen-containing gas discharge chamber
1025, the air is supplied to the oxygen-containing gas supply
passage 42a of the fuel cell stack 24 through the oxygen-
containing gas pipes 114 (see FIG. 1). In the fuel cell stack 24,
the heated air flows along the oxygen-containing gas flow
field 38, and the air is supplied to the cathode 28.

After the air flows through the oxygen-containing gas flow
field 38, the air is discharged from the oxygen-containing gas
discharge passage 425 into the oxygen-containing exhaust
gas channel 63a. The oxygen-containing exhaust gas channel
63a is opened to the combustion cup 60 of the exhaust gas
combustor 52, and the oxygen-containing exhaust gas is sup-
plied into the combustion cup 60.

Further, as shown in FIG. 1, the water from the water
supply apparatus 18 is supplied to the evaporator 48. After the
raw fuel is desulfurized in the desulfurizer 122, the raw fuel
flows through the raw fuel supply channel 84, and moves
toward the reformer 46.

Inthe evaporator 48, after the water is temporarily supplied
to the water supply chamber 82a, while water is moving
inside the evaporation pipes 74, the water is heated by the
combustion gas flowing through the second area R2, and
vaporized. After the water vapor flows into the water vapor
discharge chamber 825, the water vapor is supplied to the
evaporation return pipe 90 connected to the water vapor dis-
charge chamber 824. Thus, the water vapor flows inside the
evaporation return pipe 90, and flows into the raw fuel supply
channel 84. Then, the water vapor is mixed with the raw fuel
supplied by the raw fuel supply apparatus 14 to produce the
mixed gas.

The mixed gas from the raw fuel supply channel 84 is
temporarily supplied to the mixed gas supply chamber 78a of
the reformer 46. The mixed gas moves inside the reforming
pipes 66. In the meanwhile, the mixed gas is heated by the
combustion gas flowing through the second area R2, and is
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then steam-reformed. After removal (reforming) of hydrocar-
bon of C,,, a reformed gas chiefly containing methane is
obtained.

After this reformed gas is heated, the reformed gas is tem-
porarily supplied to the fuel gas discharge chamber 785 as the
fuel gas. Thereafter, the fuel gas is supplied to the fuel gas
supply passage 44a of the fuel cell stack 24 through the fuel
gas channel 86 (see FIG. 1). In the fuel cell stack 24, the
heated fuel gas flows along the fuel gas flow field 40, and the
fuel gas is supplied to the anode 30. In the meanwhile, the air
is supplied to the cathode 28. Thus, electricity is generated in
the electrolyte electrode assembly 32.

After the fuel gas flows through the fuel gas flow field 40,
the fuel gas is discharged from the fuel gas discharge passage
44b to the fuel exhaust gas channel 635. The fuel exhaust gas
channel 635 is opened to the inside of the combustion cup 60
of the exhaust gas combustor 52, and the fuel exhaust gas is
supplied into the combustion cup 60.

Under the heating operation by the start-up combustor 54,
when the temperature of the fuel gas in the exhaust gas com-
bustor 52 exceeds the self-ignition temperature, combustion
of'the oxygen-containing exhaust gas and the fuel exhaust gas
is started inside the combustion cup 60. In the meanwhile,
combustion operation by the start-up combustor 54 is
stopped.

The combustion cup 60 has the holes 60a. Therefore, as
shown in FIG. 3, the combustion gas supplied into the com-
bustion cup 60 flows through the holes 60a from the first area
R1 into the second area R2. Then, after the combustion gas is
supplied to the third area R3, the combustion gas is dis-
charged to the outside of the fuel cell module 12.

In the first embodiment, the FC peripheral equipment 56
includes the first area R1 where the exhaust gas combustor 52
and the start-up combustor 54 are provided, the annular sec-
ond area R2 around the first area R1 and where the reformer
46 and the evaporator 48 are provided, and the annular third
area R3 around the second area R2 and where the heat
exchanger 50 is provided.

That is, the first area R1 is provided at the center, the
annular second area R2 is provided around the first area R1,
and the annular third area R3 is provided around the second
area R2. Heat waste and heat radiation can be suppressed
suitably. Thus, improvement in the heat efficiency is
achieved, thermally self-sustaining operation is facilitated,
and the entire fuel cell module 12 can be made simple and
compact. The thermally self-sustaining operation herein
means operation where the operating temperature of the fuel
cell 22 is maintained using only heat energy generated in the
fuel cell 22 itself, without supplying additional heat from the
outside.

The heat exchanger 50 includes the annular oxygen-con-
taining gas supply chamber 1024, the annular oxygen-con-
taining gas discharge chamber 10254, the heat exchange pipes
96, and the third combustion gas channel 116¢. The oxygen-
containing gas is supplied to the oxygen-containing gas sup-
ply chamber 102a, and the heated oxygen-containing gas is
discharged into the oxygen-containing gas discharge cham-
ber 1025. Each of the heat exchange pipes 96 has one end
connected to the oxygen-containing gas supply chamber
102a, and the other end connected to the oxygen-containing
gas discharge chamber 1025. The third combustion gas chan-
nel 116¢ supplies the combustion gas to the space between the
heat exchange pipes 96.

Thus, simple structure is achieved easily. Accordingly, the
production cost is reduced effectively. Further, by changing
the volumes of the oxygen-containing gas supply chamber
102a and the oxygen-containing gas discharge chamber

10

15

20

25

30

35

40

45

50

55

60

65

12

10254, the length, the diameter, and the number of the pipes, a
desired operation can be achieved depending on various oper-
ating conditions, and a wider variety of designs become avail-
able.

Further, in the first embodiment, the circumscribed non-
uniform flow suppression plate 115 is provided along the
minimum circumscribed circle which is tangent to the outer
surfaces of the plurality of heat exchange pipes 96. In the
structure, as shown in FIG. 3, the combustion gas which flows
from the second area R2 to the third area R3 through the
openings 72 is blown onto the circumscribed non-uniform
flow suppression plate 115 facing the openings 72.

Thus, the combustion gas moves along the circumscribed
non-uniform flow suppression plate 115 in the direction indi-
cated by the arrow Ld, and the combustion gas is also blown
onto each of the heat exchange pipes 96 which are tangent to
the circumscribed non-uniform flow suppression plate 115
and each of the heat exchange pipes 96 which are arranged
inside the circumscribed non-uniform flow suppression plate
115. After the combustion gas moves downward along one
surface (inner surface) of the circumscribed non-uniform
flow suppression plate 115 in the direction indicated by the
arrow Ld, the combustion gas flows through the space formed
at the lower end of the circumscribed non-uniform flow sup-
pression plate 115, and turns up. Thereafter, the combustion
gas flows along the other surface (outer surface) of the cir-
cumscribed non-uniform flow suppression plate 115 in the
direction indicated by the arrow Lu.

In the structure, after the combustion gas flows into the
third area R3, by the guidance of the circumscribed non-
uniform flow suppression plate 115, the combustion gas flows
along the outer surfaces of the heat exchange pipes 96 in the
axial direction suitably. Thus, non-uniform flow and blow-
through of the combustion gas are suppressed suitably, and
the channel of the combustion gas can be sufficiently long.
Accordingly, the quantity of the heat passed from the com-
bustion gas to the oxygen-containing gas is increased, and
improvement in the heat exchange efficiency is achieved suit-
ably.

Further, as shown in FIG. 3, the reformer 46 includes the
annular mixed gas supply chamber 78a, the annular fuel gas
discharge chamber 785, the reforming pipes 66, and the sec-
ond combustion gas channel 1165. The mixed gas is supplied
to the mixed gas supply chamber 78a, and the produced fuel
gas is discharged into the fuel gas discharge chamber 785.
Each of the reforming pipes 66 has one end connected to the
mixed gas supply chamber 784, and the other end connected
to the fuel gas discharge chamber 7856. The second combus-
tion gas channel 1165 supplies the combustion gas to the
space between the reforming pipes 66.

Thus, the structure is simplified easily, and the production
cost is reduced effectively. Further, by changing the volumes
of the mixed gas supply chamber 78a and the fuel gas dis-
charge chamber 785, the length, the diameter, and the number
of the pipes, a desired operation can be achieved depending
on various operating conditions, and a wider variety of
designs become available.

The evaporator 48 includes the annular water supply cham-
ber 824, the annular water vapor discharge chamber 825, the
evaporation pipes 74, and the second combustion gas channel
1164. The water is supplied to the water supply chamber 824,
and the water vapor is discharged into the water vapor dis-
charge chamber 825. Each ofthe evaporation pipes 74 has one
end connected to the water supply chamber 824, and the other
end connected to the water vapor discharge chamber 825. The
second combustion gas channel 1165 supplies the combus-
tion gas to the space between the evaporation pipes 74.
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Thus, the structure is simplified easily, and the production
cost is reduced effectively. Further, by changing the volumes
of the water supply chamber 824 and the water vapor dis-
charge chamber 825, the length, the diameter, and the number
of the pipes, a desired operation can be achieved depending
on various operating conditions, and a wider variety of
designs become available.

Further, the fuel cell module 12 is a solid oxide fuel cell
module. Therefore, the fuel cell module 12 is suitable for, in
particular, high temperature type fuel cells such as SOFC.

As shown in FIGS. 8, 9, and 10, a fuel cell module 130
according to a second embodiment of the present invention
includes a first circumscribed non-uniform flow suppression
plate 132 and a second circumscribed non-uniform flow sup-
pression plate 134 provided in the third area R3 where the
heat exchanger 50 is provided. The constituent elements of
the fuel cell module 130 according to the second embodiment
of the present invention that are identical to those of the fuel
cell module 12 according to the first embodiment are labeled
with the same reference numerals, and description thereof
will be omitted. Further, also in third and other embodiments
described later, the constituent elements that are identical to
those of'the fuel cell module 12 according to the first embodi-
ment are labeled with the same reference numerals, and
description thereof will be omitted.

As shown in FIG. 10, the first circumscribed non-uniform
flow suppression plate 132 has a cylindrical shape provided
along the minimum circumscribed circle which is tangent to
the outer surfaces of the plurality of heat exchange pipes 96
on an inner virtual circle. The second circumscribed non-
uniform flow suppression plate 134 has a cylindrical shape
provided along the minimum circumscribed circle which is
tangent to the outer surfaces of the plurality of heat exchange
pipe 96 on an outer virtual circle. For example, the first
circumscribed non-uniform flow suppression plate 132 and
the second circumscribed non-uniform flow suppression
plate 134 are fixed to the heat exchange pipes 96 by welding
or the like.

As shown in FIGS. 8 and 9, for example, the first circum-
scribed non-uniform flow suppression plate 132 is made of a
thin metal plate, and provided on a side closer to the exhaust
gas combustor 52 in the pipe length direction of the heat
exchange pipes 96 indicated by an arrow L. Specifically, the
upper end of the first circumscribed non-uniform flow sup-
pression plate 132 is fixed to the upper ring member 985, and
the lower end of the first circumscribed non-uniform flow
suppression plate 132 is spaced upward from the lower ring
member 98a by a predetermined distance hl (see FIG. 9).

The second circumscribed non-uniform flow suppression
plate 134 is made of a thin metal plate, and provided on a side
away from the exhaust gas combustor 52 (i.e., a side closer to
the start-up combustor 54) in the pipe length direction of the
heat exchange pipes 96 indicated by the arrow L. Specifically,
the lower end of the second circumscribed non-uniform flow
suppression plate 134 is fixed to the lower ring member 984,
and the upper end of the second circumscribed non-uniform
flow suppression plate 134 is spaced downward from the
upper ring member 985 by a predetermined distance h2 (see
FIG. 9).

The third combustion gas channel 116¢ has a bent shape, in
which gas is first directed to flow downward in a direction
indicated by an arrow Ld by the first circumscribed non-
uniform flow suppression plate 132, and then directed to flow
upward in a direction indicated by an arrow Lu by the second
circumscribed non-uniform flow suppression plate 134.

In the second embodiment, as shown in FIG. 9, the com-
bustion gas which flows from the second area R2 to the third
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area R3 through a plurality of openings 72 is blown onto the
first circumscribed non-uniform flow suppression plate 132
facing the openings 72.

Therefore, the combustion gas moves along the first cir-
cumscribed non-uniform flow suppression plate 132 in the
direction indicated by the arrow LLd, and the combustion gas is
blown onto each of the heat exchange pipes 96 (inner heat
exchange pipes 96) which are tangent to the first circum-
scribed non-uniform flow suppression plate 132. After the
combustion gas flows along the inner surface of the first
circumscribed non-uniform flow suppression plate 132 in the
direction indicated by the arrow [.d, the combustion gas flows
through a space formed at the lower end of the first circum-
scribed non-uniform flow suppression plate 132, and the
combustion gas is blown onto the second circumscribed non-
uniform flow suppression plate 134.

In this manner, the combustion gas flows along the inner
surface of the second circumscribed non-uniform flow sup-
pression plate 134 in the direction indicated by Lu, and the
combustion gas is blown onto each of the heat exchange pipes
96 (outer heat exchange pipes 96) which are tangent to the
second circumscribed non-uniform flow suppression plate
134.

In the structure, after the combustion gas flows into the
third area R3, by the guidance of the first circumscribed
non-uniform flow suppression plate 132 and the second cir-
cumscribed non-uniform flow suppression plate 134, the
combustion gas flows along the outer surfaces of the heat
exchange pipes 96 in the axial direction suitably. Thus, non-
uniform flow and blow-through of the combustion gas are
suppressed suitably, and the channel of the combustion gas
can be sufficiently long. Accordingly, the same advantages as
in the case of the first embodiment are obtained. For example,
the quantity of the heat passed from the combustion gas to the
oxygen-containing gas is increased, and improvement in the
heat exchange efficiency is achieved suitably.

Further, among the first circumscribed non-uniform flow
suppression plate 132 and the second circumscribed non-
uniform flow suppression plate 134, the first circumscribed
non-uniform flow suppression plate 132 provided at a posi-
tion closest to the center of the first area R1 is positioned on a
side closer to the exhaust gas combustor 52 in the pipe length
direction. In the structure, the exhaust gas discharged from
the exhaust gas combustor 52 can flow along the heat
exchange pipes 96 still more smoothly and reliably by the
guidance of the adjacent first circumscribed non-uniform
flow suppression plate 132. Accordingly, the quantity of the
heat passed from the combustion gas to the oxygen-contain-
ing gas (air) is increased, and improvement in the heat
exchange efficiency is achieved suitably.

As shown in FIGS. 11, 12, and 13, a fuel cell module 140
according to a third embodiment of the present invention
includes a circumscribed non-uniform flow suppression plate
142 provided in the second area R2 where the reformer 46 and
the evaporator 48 are provided. The circumscribed non-uni-
form flow suppression plate 142 has a cylindrical shape pro-
vided along the minimum circumscribed circle which is tan-
gent to the outer surfaces of a plurality of reforming pipes 66
of the reformer 46.

The upper end of the circumscribed non-uniform flow sup-
pression plate 142 is fixed to the first upper ring member 685,
and the lower end of the circumscribed non-uniform flow
suppression plate 142 is spaced upward from the first lower
ring member 68a by a predetermined distance h3 (see FIG.
11). The circumscribed non-uniform flow suppression plate
142 may be provided along the minimum circumscribed
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circle which is tangent to the outer surfaces of the plurality of
evaporation pipes 74 of the evaporator 48.

In the third area R3, the circumscribed non-uniform flow
suppression plate 115 is provided. However, this circum-
scribed non-uniform flow suppression plate 115 may be dis-
pensed with as necessary. Alternatively, instead of the cir-
cumscribed non-uniform flow suppression plate 115, the first
circumscribed non-uniform flow suppression plate 132 and
the second circumscribed non-uniform flow suppression
plate 134 according to the second embodiment may be pro-
vided.

In the third embodiment, the combustion gas moves from
the first area R1 to the second area R2 through a plurality of
holes 60a. Then, the combustion gas is blown onto the cir-
cumscribed non-uniform flow suppression plate 142. There-
fore, the combustion gas moves along the circumscribed non-
uniform flow suppression plate 142 in the direction indicated
by the arrow L.d, and the combustion gas is blown onto each
of the reforming pipes 66 which are tangent to the circum-
scribed non-uniform flow suppression plate 142.

In the structure, after the combustion gas flows into the
second area R2, by the guidance of the circumscribed non-
uniform flow suppression plate 142, the combustion gas flows
along the outer surfaces of the reforming pipes 66 in the axial
direction suitably. Thus, non-uniform flow and blow-through
of'the combustion gas are suppressed suitably, and the chan-
nel of the combustion gas can be sufficiently long. Accord-
ingly, the same advantages as in the case of the first and
second embodiments are obtained. For example, the quantity
of the heat passed from the combustion gas to the reforming
gas is increased, and improvement in the heat exchange effi-
ciency is achieved suitably.

As shown in FIGS. 14 and 15, a fuel cell module 150
according to a fourth embodiment of the present invention
includes an inscribed non-uniform flow suppression plate 152
and a circumscribed non-uniform flow suppression plate 154
provided in the third area R3 where the heat exchanger 50 is
provided. One or two inscribed non-uniform flow suppres-
sion plates 152 are provided along the maximum inscribed
circle(s) which is tangent to the outer surfaces of a plurality of
outer (or inner or both of outer and inner) heat exchange pipes
96. One or two circumscribed non-uniform flow suppression
plates 154 are provided along the minimum circumscribed
circle(s) which is tangent to the outer surfaces of the plurality
of outer (or inner or both of outer and inner) heat exchange
pipes 96.

The inscribed non-uniform flow suppression plate 152 has
a cylindrical shape. As shown in FIG. 14, an upper end of the
inscribed non-uniform flow suppression plate 152 is fixed to
an upper ring member 985, and a lower end of the inscribed
non-uniform flow suppression plate 152 is spaced upward
from a lower ring member 98a. A lower end of the circum-
scribed non-uniform flow suppression plate 154 is fixed to the
lower ring member 98a, and an upper end of the circum-
scribed non-uniform flow suppression plate 154 is spaced
downward from the upper ring member 985.

In the fourth embodiment, in the third area R3 where the
heat exchanger 50 is provided, the circumscribed non-uni-
form flow suppression plate 154 is provided along the mini-
mum circumscribed circle which is tangent to the outer sur-
faces of the plurality of heat exchange pipes 96, and the
inscribed non-uniform flow suppression plate 152 is provided
along the maximum inscribed circle which is tangent to the
outer surfaces of the heat exchange pipes 96. The positions of
the ends of the circumscribed non-uniform flow suppression
plate 154 and the inscribed non-uniform flow suppression
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plate 152 are offset from each other (i.e., the ends are arranged
in a staggered manner) in the pipe length direction.

In the structure, as shown in FIGS. 14 and 15, the combus-
tion gas flows into the third area R3, and flows downward
along the inscribed non-uniform flow suppression plate 152.
Thereafter, the combustion gas flows below the inscribed
non-uniform flow suppression plate 152, and the combustion
gas is blown onto the circumscribed non-uniform flow sup-
pression plate 154. Then, the combustion gas flows along a
flow channel formed between the circumscribed non-uniform
flow suppression plate 154 and the inscribed non-uniform
flow suppression plate 152 in the direction indicated by the
arrow Lu, and the combustion gas is blown onto the outer
surfaces of the heat exchange pipes 96.

Thus, non-uniform flow and blow-through of the combus-
tion gas supplied to the heat exchanger 50 are suppressed
suitably, and the combustion gas flows along the heat
exchange pipes 96 still more smoothly and reliably. Accord-
ingly, the same advantages as in the cases of the first to third
embodiments are obtained. For example, the quantity of the
heat passed from the combustion gas to the oxygen-contain-
ing gas is increased, and improvement in the heat exchange
efficiency is achieved suitably.

As shown in FIG. 16, a fuel cell module 160 according to a
fifth embodiment of the present invention includes an
inscribed non-uniform flow suppression plate 152 and a cir-
cumscribed non-uniform flow suppression plate 162 pro-
vided in the third area R3 where the heat exchanger 50 is
provided.

As shown in FIGS. 16 and 17, the circumscribed non-
uniform flow suppression plate 162 is provided along the
minimum circumscribed circle which is tangent to the outer
surfaces of a plurality ofheat exchange pipes 96, and includes
inner protrusions 164 protruding between the heat exchange
pipes 96. The inner protrusions 164 protrude to the circum-
ference of a virtual circle connecting the centers of the heat
exchange pipes 96, or to near the circumference, so that the
circumscribed non-uniform flow suppression plate 162 con-
tacts the outer surfaces of the heat exchange pipes 96 over the
range of about 180°.

The cross sectional area of a combustion gas flow opening
formed by the circumscribed non-uniform flow suppression
plate 162, the inscribed non-uniform flow suppression plate
152, and the outer surfaces of the heat exchange pipes 96, and
the total sectional area of the heat exchange pipes 96 are set to
be the same.

In the fifth embodiment, the circumscribed non-uniform
flow suppression plate 162 has a substantially wavy shape,
and contacts the outer surfaces of the heat exchange pipes 96.
Therefore, further improvement in the efficiency of heat
exchange between the combustion gas and the oxygen-con-
taining gas is achieved suitably. Further, since the cross sec-
tional area of the combustion gas flow opening and the total
cross sectional area of the heat exchange pipes 96 are set to be
the same, improvement in the heat exchange efficiency is
achieved, and thermally self-sustaining operation is facili-
tated.

Though the fifth embodiment is applied to the outer heat
exchange pipes 96 of the heat exchanger 50, the present
invention is not limited in this respect. The fifth embodiment
may be applied to the inner heat exchange pipes 96. Further,
the above structure may be applicable to the reformer 46 and
the evaporator 48.

While the invention has been particularly shown and
described with reference to preferred embodiments, it will be
understood that variations and modifications can be effected
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thereto by those skilled in the art without departing from the
scope of the invention as defined by the appended claims.

The invention claimed is:

1. A fuel cell module comprising:

a fuel cell stack formed by stacking a plurality of fuel cells
for generating electricity by electrochemical reactions
of a fuel gas and an oxygen-containing gas;

a reformer for reforming a mixed gas of water vapor and a
raw fuel chiefly containing hydrocarbon to produce the
fuel gas supplied to the fuel cell stack;

an evaporator for evaporating water and supplying the
water vapor to the reformer;

a heat exchanger for raising a temperature of the oxygen-
containing gas by heat exchange with a combustion gas,
and supplying the oxygen-containing gas to the fuel cell
stack;

an exhaust gas combustor for combusting the fuel gas
discharged from the fuel cell stack as a fuel exhaust gas
and the oxygen-containing gas discharged from the fuel
cell stack as an oxygen-containing exhaust gas to pro-
duce the combustion gas; and

a start-up combustor for combusting the raw fuel and the
oxygen-containing gas to produce the combustion gas,

wherein the fuel cell module includes:

a first area where the exhaust gas combustor and the start-
up combustor are provided;

an annular second area around the first area and where the
reformer and the evaporator are provided; and

an annular third area around the second area and where the
heat exchanger is provided,

wherein the heat exchanger includes an annular oxygen-
containing gas supply chamber to which the oxygen-
containing gas is supplied, an annular oxygen-contain-
ing gas discharge chamber to which the heated oxygen-
containing gas is discharged, a plurality of heat
exchange pipes each having one end connected to the
oxygen-containing gas supply chamber and another end
connected to the oxygen-containing gas discharge
chamber, and a combustion gas channel for supplying
the combustion gas to spaces between the heat exchange
pipes; and

acircumscribed non-uniform flow suppression plate is pro-
vided along a minimum circumscribed circle which is
tangent to outer surfaces of the plurality of heat
exchange pipes.

2. The fuel cell module according to claim 1, wherein the

reformer includes an annular mixed gas supply chamber to
which the mixed gas is supplied, an annular fuel gas discharge
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chamber to which the produced fuel gas is discharged, a
plurality of reforming pipes each having one end connected to
the mixed gas supply chamber and another end connected to
the fuel gas discharge chamber, and a combustion gas channel
for supplying the combustion gas to spaces between the
reforming pipes; and

a circumscribed non-uniform flow suppression plate is pro-

vided along a minimum circumscribed circle which is
tangent to outer surfaces of the plurality of reforming
pipes.

3. The fuel cell module according to claim 1, wherein the
evaporator includes an annular water supply chamber to
which the water is supplied, an annular water vapor discharge
chamber to which the water vapor is discharged, a plurality of
evaporation pipes each having one end connected to the water
supply chamber and another end connected to the water vapor
discharge chamber, and a combustion gas channel for supply-
ing the combustion gas to spaces between the evaporation
pipes; and

a circumscribed non-uniform flow suppression plate is pro-

vided along a minimum circumscribed circle which is
tangent to outer surfaces of the plurality of evaporation
pipes.

4. The fuel cell module according to claim 1, wherein an
inscribed non-uniform flow suppression plate is provided
along a maximum inscribed circle which is tangent to the
outer surfaces.

5. The fuel cell module according to claim 4, wherein
positions of ends of the circumscribed non-uniform flow sup-
pression plate and the inscribed non-uniform flow suppres-
sion plate are offset from each other in a pipe length direction;
and

the combustion gas flows between the circumscribed non-
uniform flow suppression plate and the inscribed non-
uniform flow suppression plate in the pipe length direc-
tion.

6. The fuel cell module according to claim 5 wherein, of the
inscribed non-uniform flow suppression plate and the circum-
scribed non-uniform flow suppression plate, one that is pro-
vided at a position closest to the center of the first area is
positioned on a side closer to the exhaust gas combustor in the
pipe length direction.

7. The fuel cell module according to claim 1, wherein the
fuel cell module is a solid oxide fuel cell module.
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